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Abstract 
Here, we report a high-quality draft genome of a Chinese radish (Raphanus sativus) cultivar. This draft contains 
387.73 Mb of assembled scaffolds, 83.93% of the scaffolds were anchored onto nine pseudochromosomes and 95.09% of 
43 240 protein-coding genes were functionally annotated. 184.75 Mb (47.65%) of repeat sequences was identified in the 
assembled genome. By comparative analyses of the radish genome against 10 other plant genomes, 2 275 genes in 780 
gene families were found unique to R. sativus. This genome is a good reference for genomic study and of great value for 
genetic improvement of radish. 
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1. Introduction 
The radish (Raphanus sativus, 2n = 2x = 18) is the most 
widely cultivated vegetable in China and also an important cash 
crop worldwide. The radish cultivation history can be dated 
back to approximately 4 500 years ago in ancient Egypt (Banga, 
1976), more than 2 000 years ago in China (Li, 1989) and 
Europe, and approximately 1 000 years ago in Japan (Crisp, 
1995). The long-term artificial selection led to numerous R. 
sativus landraces with different sizes, shapes, colors, and 
flavors of the edible organs. Beyond these morphological 
diversity, R. sativus also displayed rich multiformity in nuclear 
genome (Huh and Ohnishi, 2002; Lü et al., 2008; Nakatsuji et  
 
al., 2011), mitochondrial (Yamagishi and Terachi, 2003) and 
chloroplast genomes (Yamane et al., 2005, 2009; Yamagishi et 
al., 2009). Based on the polymorphism of the mitochondrial 
and chloroplast genomes, R. sativus cultivars were proposed 
having been domesticated via multi-regional origination 
(Yamagishi and Terachi 2003; Yamagishi et al., 2009). China is 
the most important origin center of radish, and has developed 
hundreds of distinctive landraces.  
The draft genomes of a R. raphanistrum (wild species) 
and two assemblies of R. sativus ‘Aokubi’, have been released 
recently (Kitashiba et al., 2014; Moghe et al., 2014; Mitsui et 
al., 2015), However, the assembly of R. raphanistrum covered 
only 254.0 Mb (49.3% of the estimated genome) and provided 
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in contigs, which was not assigned to the chromosomes (Moghe 
et al., 2014). For the two assemblies of ‘Aokubi’, only 116.0 Mb 
(21.8% of the estimated genome) (Kitashiba et al., 2014) and 
179.8 Mb (31.32% of the estimated genome) (Mitsui et al., 2015) 
have been assigned to the pseudo-chromosomes, respectively. 
These three draft genomes are far from meeting the needs as the 
references in whole-genome screening for the selection 
signatures of agronomic traits in R. sativus. 
    To construct a fine reference genome for Chinese radish 
landraces, we generated a high-quality genome of R. sativus. 
This genome assembly will not only benefit to the 
understanding of how the diverse traits evolved during the 
domestication but also contribute to the genetic improvement of 
radish. 
2. Materials and methods 
2.1. Genome sequencing 
Qualified DNA isolated from leaves of tissue-cultured 
plantlets of Raphanus sativus ‘Xiangyabai’ inbred line (XYB36-2) 
was used for de novo genome sequencing. Paired-end DNA 
libraries (200, 250, 500 and 800 bp) and mate-paired DNA 
libraries (2, 5, 10, 20 and 40 kb) were constructed using Illumina 
sequencing platform standard protocols. Constructed libraries 
were sequenced on an Illumina HiSeq2000 system following the 
manufacture’s user guide (Li et al., 2010a). 
2.2. Genome assembly 
SOAPdenovo (version 1.05; http://soap.genomics.org.cn) 
(Li et al., 2010b) and SSPACE (Boetzer et al., 2011) were used 
to assemble the genome with the filtered data. For the assembly 
process, all possible sequences from Illumina reads were 
assembled using a de Bruijn graph methodology, with a k-mer 
of 127 used as a node and the k−1 bases overlapping between 
two k-mers defined as an edge. To reduce sequencing errors and 
limit branches, the ends were trimmed and k-mers with low 
coverage were removed. The graph was then converted into a 
contig graph by transformation of the linearly connected k-mers 
to pre-contig nodes. Dijkstra’s algorithm was used to detect 
bubbles, which were then merged into a single pathway if the 
branch sequences were similar. Using this method, regions with 
repeat sequences were merged into consensus sequences.  
The assembled contigs were linked to a scaffolding graph 
based on paired-end reads. Connections between contigs were 
defined as edges in this graph, and branch lengths were defined 
as the gap size calculated from the insert size of the paired-end 
reads. Sub-graph linearization was then applied to convert 
interleaving contigs into a linear structure. Paired-end reads 
were applied step by step, with increasing insert sizes of 200, 
250, 500 and 800 bp and then 2, 5, 10 and 20 kb used. To fill 
gaps in the scaffolds, we aligned the paired-end reads and 
collected those with one end mapped to a contig and the other 
end falling in a gap, and then performed a local assembly with 
the retrieved reads. Next, pair-end reads of 40 kb were used to 
construct super-scaffolds using SSPACE. 
2.3. Assessments of accuracy and completeness of the 
assembly 
The quality of the draft genome was comprehensively 
evaluated by assessing sequencing depth and coverage using 
fosmid, EST and RNA-Seq sequences. We constructed a Fosmid 
library harboring 35–45 kb radish (XYB36-2) DNA fragments 
using MaxPlax lambda packaging extracts (Epicentre). Five 
fosmid clones were sequenced using an ABI 3730 sequencer. 
This five fosmid clone sequences were used as reference data to 
check the coverage rate by map the assembled genome sequence 
back to them (BLASTn; E-value threshold of 1 × 10-5). The 
coverage of gene space was further estimated using RNA-seq 
data (156 501 unigenes from the seven tissues of XYB36-2) and 
ESTs (26 606 ESTs of R. sativus GSK3-1 downloaded from 
NCBI). The unigenes and ESTs were aligned to the assembled 
scaffolds using BLAT with an identity cutoff of 90%. 
2.4. Anchoring of the assembled scaffolds to 
pseudochromosomes 
To anchor scaffolds onto pseudochromosomes, we 
constructed a high-density SNP bin-marker-based genetic map 
using RAD sequencing data from 120 F2 progenies derived from 
a cross of R. sativus lines KB10Q-22 and XYB36-2. The 
ordering and orientation of the scaffolds on the pseudo- 
chromosomes was manually corrected using the linkage map 
and ortholog blocks between R. sativus and Arabidopsis 
thaliana. A few scaffolds exhibiting conflicts, such as those 
mapping to different linkage groups or containing markers with 
chimeric genetic distances, were additionally analyzed and 
resolved on the basis of their paired-end relationships. Gaps 
between adjacent scaffolds were filled with 5 kb of Ns. 
2.5. Gene prediction 
De novo gene prediction based on the repeat-masked 
genome was first performed with Augustus (version 2.4) (Stanke 
et al., 2004) and GlimmerHMM (version 3.02) (Majoros et al., 
2004) under an HMM model. Protein sequences from Vitis 
vinifera, Carica papaya, A. thaliana, Schrenkiella parvula 
(formerly Thellungiella parvula) and Brassica rapa were 
applied in the homolog evidence-based gene annotation using 
BLASTTN with an E-value cutoff of 1 × 10-5. The R. sativus 
genome sequences were aligned against the homologous protein 
sequences using GeneWise (Birney and Durbin, 2000) for 
accurate spliced alignments. Raphanus ESTs were aligned  
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against the R. sativus genome using BLAT (identity ≥ 0.95; 
coverage ≥ 0.90) to generate spliced alignments, and PASA (Xu 
et al., 2006) was used to filter the overlaps to link the spliced 
alignments. Transcripts were generated from the RNA-seq data 
using TopHat (Trapnell et al., 2009) and Cufflinks (Trapnell et 
al., 2013). Finally, de novo-derived, homology-based, EST- 
based and transcript gene sets were merged to form a 
comprehensive non-redundant reference gene set using GLEAN 
(http://sourceforge.net/projects/glean-gene/). 
2.6. Annotation of protein-coding genes 
Gene functions were assigned according to the best 
matches of alignments to SwissProt and TrEMBL databases 
using BLASTp (E-value ≤ 1 × 10-5). Gene motifs and domains 
were determined by InterProScan (version 4.7) by searching 
against protein databases, with GO annotations extracted from 
the results. All genes were aligned against KEGG databases 
(E-value ≤ 1 × 10-5), and the pathways in which the genes might 
be involved were derived from the matching genes in KEGG. 
2.7. Annotation of non-coding RNAs 
tRNA genes were identified by tRNAscan-SE (Schattner et 
al., 2005) with appropriate default parameters. The rRNA genes 
were identified by performing BLASTn searches (E-value ≤ 1 × 
10-5) against A. thaliana and Oryza sativa rRNA sequences 
down-loaded from NCBI. Other non-coding RNAs, including 
miRNAs, snRNAs and H/ACA-box snoRNAs, were identified 
using INFERNAL software (infernal-0.81) (Nawrocki, 2014) by 
searching against the Rfam database with appropriate default 
parameters. 
2.8. Repeat sequence identification and annotation 
Repeat sequences in the R. sativus genome were identified 
using a combination of homology-based and de novo 
approaches. A de novo R. sativus repeat library was constructed 
using RepeatModeler (version1-0-5) (http://www.repeatmasker. 
org). For DNA-level identification, RepeatMasker (version 
open-3.3.0) was applied using a custom library (a combination 
of Repbase4 (Jurka et al., 2005), a plant repeat database and our 
genomic de novo TE library). At the protein level, 
RepeatProteinMask (http://www.repeatmasker.org) was used to 
perform WuBlastX against the TE protein database. 
Overlapping TEs of the same repeat type were integrated 
together, whereas those with low scores and more than 80% 
overlap were removed and classified into different types. In 
addition to the annotated TEs, LTR retrotransposons were 
identified using LTR_FINDER (version 1.0.5) (Xu and Wang, 
2007) with default parameters and added to the classified TEs. 
Tandem repeats were detected using TRF software (TRF 4.04; 
(http: //tandem.bu.edu/trf/trf.basic.submit.html) with default 
parameters. 
2.9. Gene family clustering and analysis 
Homologous gene clusters of 11 species were assigned in 
OrthoMCL (v1.4) (Li et al., 2003) with its standard parameters 
and used to identify gene families unique to the radish genome. 
Gene sets from 11 species, R. sativus (v2.20), B. rapa (v1.5), A. 
thaliana (TAIR_10.0), A. lyrata (v8.0), S. parvula (formerly 
Thellungiella parvula v2.0), Thellungislla salsuginea 
(AHIU01000001.1), Carica papaya (200712), Populus 
trichocarpa (v7.0), Cucumis sativus (v2.3), Vitis vinifera 
(Genoscope) and O. sativa (Nipponbare_IRGSP-1.0), were used 
to infer putative homologous gene families. The gene families 
shared by the compared species (except for rice, the out-group) 
were selected to infer gene family expansion and contraction 
using CAFÉ (De Bie et al., 2006). Gene gain and loss in gene 
families across a user-specified phylogenetic tree were 
determined using a random birth-and-death model. Gene birth (λ) 
and death (μ =–λ) rates across all branches in the tree were 
estimated using maximum likelihood (P ≤ 0.0001). We 
calculated Ka/Ks ratio for all single-copy orthologs of the 11 
species. We first aligned orthologous genes with PRANK 
(v.100802) (Loytynoja, 2014), then used Gblocks (0.91 b) to 
remove ambiguously aligned blocks within PRANK alignments 
(Talavera and Castresana, 2007). The ‘codeml’ in the PAML 
package (Yang, 2007) with the free-ratio model were used to 
estimate Ka, Ks and Ka/Ks ratio on different branches. 
Differences in mean Ka/Ks ratio of single-copy genes between 
radish and each of the other species were compared with paired 
Wilcoxon rank sum tests. 
3. Results 
3.1. Genome sequencing and de novo assembly 
We generated 119.75 Gb (about 225× genome coverage) of 
whole-genome shotgun sequences for R. sativus inbred line 
XYB36-2 using a HiSeq2000 system (Table 1). On the basis of 
17-mer analysis, we estimated the size of the genome to be 530 
Mb. We assembled 387.73 Mb (73.16% of the estimated 530 
Mb) into 44 820 high-quality scaffolds using SOAPdenovo (Li 
et al., 2010b) and SSPACE (Boetzer et al., 2011). Our assembly 
had a scaffold N50 of 1.35 Mb and a contig N50 of 39.615 kb. 
90% of the assembled sequences were contained in 881 
scaffolds. The largest of which was 9.00 Mb (Table 2). The 
assembly showed excellent agreement with fosmid clones 
(98.86% covered), ESTs (94.13% covered) and transcriptome 
data (95.78% covered). We anchored 83.93% of the scaffolds 
onto nine pseudochromosomes using a high-density linkage 
map constructed from a population of 120 F2 plants (Table 2, 
Fig. 1). Our assembly showed a much higher quality than the 
draft genome of R. raphanistrum (254 Mb contigs) (Moghe et 
al., 2014) and two assemblies (116.0 and 179.8 Mb) of one 
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Table 1  Statistical summary of clean read data 
Pair-end libraries Insert size/bp Average reads length /bp Total data /Gb Sequence depth /X Physical depth /X* 
200  95 14.39 27.15 28.58 
200  140 26.83 50.62 36.16 
250  140 20.07 37.87 33.81 
500  97 12.44 23.47 60.49 
800  95 9.78 18.45 77.68 
2 000 49 13.40 25.28 515.92 
5 000 49 13.45 25.37 1 294.39 
10 000 49 4.53 8.55 872.45 
20 000 49 1.34 2.53 516.33 
Solexa reads 
40 000 49 3.52 6.64 2 713.13 
Total – – 119.75 225.93 6 148.94 


































Fig. 1  Alignment of the genome sequence assembly with the genetic map of Raphanus sativus 
Assembled scaffolds (the abscissa; 387.73 Mb, or 73.16% of the assembled genome sequence) were anchored to the nine linkage groups (the ordinate). 
Pseudochromosome numbers were assigned on the basis of their syntenic relationship among R. sativus, Brassica rapa and B. oleracea.  
The red bars indicate the scaffolds in forward direction, blue bars indicate scaffolds in reverse direction, dark bars indicate  
the scaffolds of which the orientations were not determined. 
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fleshy-taproot R. sativus ‘Aokubi’ (Kitashiba et al., 2014; Mitsui 
et al., 2015) released previously. 
3.2. Genome characterization of R. sativus 
A total of 43 240 protein-coding genes were predicted in 
the R. sativus genome using a combination of ab initio gene 
prediction, protein-based homology searches, EST alignments 
and transcriptome sequencing data. Of these genes, 95.36% 
were assigned to nine pseudochromosomes. The total length of 
protein coding genes in radish was 92.75 Mb; they occupied 
23.92% of the whole genome, a percentage approximately the 
same as that in B. rapa (29.23%). The predicted genes had an 
average transcript length of 2 145 bp, a coding length of 1 144 
bp and a mean of 4.75 exons per gene (Table 2). The total 
 
number and length of R. sativus and B. rapa exons were similar 
(Table 3). More than 95.09% of R. sativus protein-coding genes 
could be functionally annotated using SwissProt, Gene 
Ontology (GO), TrEMBL, InterPro and KEGG databases (Table 
4). We also identified 4 172 non-coding RNA (including rRNA, 
snRNA, tRNA and 384 miRNAs) genes by tRNAscan-SE and 
by searching against the Rfam database (Table 5). 
Furthermore, we identified 184.75 Mb (47.65%) of repeat 
sequences in the assembled genome using a combination of 
homology-based and de novo approaches. Among the repeat 
sequences, 164.60 Mb were transposable elements (TEs) (Table 
2 and 6). Long terminal repeat (LTR) retrotransposons were the 
predominant type of TE, occupying a total length of 94.74 Mb  
 
Table 2  Radish genome and gene annotation statistics 
Character Statistic 
Estimate of genome size/Mb 530  
Number of scaffolds 44 820  
Anchored scaffolds/Mb 325.42 (83.93%) 
Total length of assembled scaffolds/Mb 387.73 (73.16%) 
N50 scaffold length/Mb 1.35  
Largest scaffold length/Mb 9.00  
Number of contigs 61 192 
Total length of assembled contigs/Mb 362.71 
N50 contig length/bp 39 615  
Largest contig length/bp 252 859  
GC content/% 36.80 
Total number of predicted genes 43 240 
Average exon length/bp 240.97  
Average intron length/bp 266.90  
Average number of exons per gene 4.75 
The size of repetitive sequences assembled/Mb 184 75 (47.65%) 
Total length of transposable elements/Mb 164.60 (42.46%) 
 
 
Table 3  Comparison of gene sets 
Type R. sativus B. rapa A. thaliana 
Total protein-coding length/bp 92 751 585 82 970 337 50 865 333 
Total protein-coding/Genome /% 23.92 29.23 42.51 
Gene number 43 240 41 174 26 637 
Average mRNA length/bp 2 145.04 2 015.11 1 909.57 
Average CDS length/bp 1 144.39 1 171.56 1 242.78 
Total exons length/bp 49 483 578 48 237 786 33 103 800 
Total exons/Genome /% 12.76 17.00 27.66 
Total number of exon 205 355 206 990 139 382 
Average exon number/Gene 4.75 5.03 5.23 
Average exon length/bp 240.97 233.04 237.50 
Total introns length/bp 43 268 007 34 732 551 17 761 533 
Total introns/Genome /% 11.16 12.24 14.84 
Total number of intron 162 115 165 816 112 745 
Average intron length/bp 266.90 209.46 157.54 
Total ncRNAs length/bp 538 069 nd  nd  
Total ncRNAs/Genome  0.14% nd  nd  
Note: mRNA length includes the length of exons and introns in each gene; CDS length is the total length of exons in each gene; Genome sizes are as follows: R. 
sativus (387 734 519 bp), B. rapa (283 823 632 bp) and A. thaliana (119 667 750 bp); nd: not determined. 
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and representing 24.44% of the assembled genome and more 
than half (57.56%) of the total transposable elements sequences 
(Table 6). Most of the LTRs were gypsy and copia elements. The 
distribution of major TEs is shown in Fig. 2. By comparison, the 
percentage of LTRs in R. sativus was higher than that in B. rapa 
or A. thaliana genomes. The total lengths of copia and gypsy in 
R. sativus were respectively two and three times than that in B. 
rapa (Table 6). The distribution of TEs density tended to be 
inversely correlated with that of protein-coding genes (Fig. 2).  
Table 4  Statistics from functional annotation of protein-coding genes 
 Number Percent/% 
Total predicted 43 240  
InterPro 32 031 74.08 
GO  24 275 56.14 
KEGG 22 704 52.51 
SwissProt 30 149 69.73 
Annotated 
TrEMBL 40 952 94.71 
Total annotated 41 116 95.09 
Unannotated 2 124 4.91 
Table 5  Non-coding RNA genes in the Raphanus sativus genome 
Type Copy Average length/bp Total length/bp Percent of genome 
miRNA 384 119.56 45 911 0.011841 
tRNA 1 296 75.42 97 738 0.025207 
 1 348 197.17 265 790 0.068549 
18S  268 489.18 131 100 0.033812 
28S 255 123.84 31 580 0.008145 
5.8S 111 246.41 27 351 0.007054 
rRNA 
5S 714 106.11 75 759 0.019539 
 1 144 112.44 128 630 0.033175 
CD-box 896 104.11 93 287 0.024060 
HACA-box 55 121.35 6 674 0.001721 
snRNA 
splicing 193 148.54 28 669 0.007394 
Total 4 172 128.97 538 069 0.128772 
 
Table 6  Classification of transposable elements detected in Raphanus sativus, Brassica rapa and Arabidopsis thaliana genomes 
R. sativus B. rapa A. thaliana Type 
Length/bp Percent/% Length/bp Percent/% Length/bp Percent/% 
DNA 40 238 573 10.38 17 352 870  6.11 9 492 652 7.93 
LINE 18 043 937 4.65 11 854 113  4.18 2 450 628 2.05 
SINE 1 272 417 0.33 1 080 613  0.38 187 734 0.16 
LTR* 94 743 570 24.44 25 319 552  8.92 12 623 262 10.55 
LTR/Copia 30 595 714 7.89 8 973 732  3.16 2 746 326 2.29 
LTR/Gypsy 48 498 284 12.51 15 820 505  5.57 8 824 402 7.37 
Other 623 735 0.16 473 491  0.17 109 554 0.09 
Unknown 27 385 070 7.06 121 431 696 42.78 2 486 310 2.08 
Total 164 597 266 42.45 146 872 043 51.75 24 686 682 20.63 
Note: * Including copia, gypsy and other LTRs. 
Fig. 2  Radish genome characterization 
Circular diagram depicting the genomic landscape of the nine radish pseudochromosomes (Chr1 to Chr9 on a 10 Mb scale).  
An explanation of each ring in the circle is given to the right of the diagram.
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3.3. Radish-specific, expanded/contracted and posi- 
tively selected genes 
By comparative analyses of the radish genome against 
10 other plant genomes, 35 202 out of 43 240 protein-coding 
genes in R. sativus were clustered into 19 875 gene families, 
with 2 275 genes in 780 gene families unique to R. sativus 
(Fig. 3, Table 7). In addition, we found that 1 274 gene 




and 660 gene families were significantly contracted in the 
radish genome (Fig. 4). We further identified 124 posi- 
tively selected genes on the basis of Ka/Ks ratios (where Ka 
is the nonsynonymous mutation rate per nonsynonymous site 
and Ks is the synonymous mutation rate per synonymous site) 
for all single-copy orthologs of 11 plant species. The 
functional enrichment of the radish specific genes was shown 





















Fig. 3  Venn diagram, showing the number of genes specific to Raphanus sativus and those shared with and  
among eleven (a) and six (b) plant species for which genome sequence data are  
available for comparative analysis  
R. sa: R. sativus; B. ra: Brassica rapa; A. th: Arabidopsis thaliana; A. ly: A. lyrata; S. pa: Schrenkiella parvula (formerly Thellungiella parvula); 
 T. sa: Thellungiella. salsuginea; C. pa: Carica papaya; P. tr: Populus trichocarpa;  
C. sa: Cucumis sativus; V. vi: Vitis vinifera; O. sa: Oryza sativa. 
  
 
Table 7  Comparison of gene families between Raphanus sativus and other plant species 
Specie Gene Genes in family Un-clustered gene Gene family Unique family Average gene/Family 
R. sativus 43 240 35 202 8 038 19 875 780 1.77 
B. rapa 40 886 33 322 7 564 19 796 375 1.68 
A. thaliana 26 637 24 548 2 089 18 783 90 1.31 
A. lyrata 32 498 27 094 5 404 19 313 666 1.40 
S. parvula 25 097 22 753 2 344 17 113 176 1.33 
T. salsuginea 32 570 28 899 3 671 17 568 517 1.64 
C. papaya 25 599 18 222 7 377 13 501 530 1.35 
P. trichocarpa 40 303 32 303 8 000 15 372 1 121 2.10 
C. sativus 26 625 18 680 7 945 13 254 859 1.41 
V. vinifera 25 329 18 831 6 498 13 250 675 1.42 
O. sativa 35 402 23 188 12 214 13 049 1 876 1.78 
 
 




















Fig. 4  Gene family expansion and contraction 
Green, red and blue indicate expansion, contraction and no change, respectively. Gene family evolution is generally coincident with species evolution;  


















Fig. 5  GO enrichment of radish specific genes 
Red bar: All radish genes; Blue bar: Radish specific genes; *P < 0.05; ** P < 0.001; *** P < 0.005; **** P < 0.001. 
 
4. Discussion 
As an important non-Brassica member of the diversified 
tribe Brassiceae and an ancient root crop of great economic and 
medicinal values, R. sativus has been extensively investigated in 
Asia countries. This genome sequencing project was initiated in 
the spring of 2011 and the draft genome was constructed in the 
autumn of 2012. During our deep analysis of the radish genome 
and submitting the manuscript for consideration for publication,  
 
three radish genomes were published (Kitashiba et al. 2014; 
Moghe et al., 2014; Mitsui et al., 2015). Our assembly is more 
complete than these published genomes. Our high-quality radish 
genome sequences have been used as reference for the 
resequencing of a core collection of radish germplasms and 
served as a good reference to support evolutionary and 
comparative genomic studies of Brassiceae. After release of this 
genome, a series of studies based on this genome will be 
published in the near future. 
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